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Abstract 
 
development times and low resource consumption. The additional higher complexity of the products to be designed causes a low 
transparency of the development status, whereby decision-making and problem-solving become more difficult. In order to persist in a 
global competition, increasing effectiveness and efficiency of the development is elementary. Maturity models represent Best-Practices 
for a specific approach and can uncover improvement potentials in development by evaluation of defined indicators. A new approach is 
proposed, which allows designing customized maturity models systematically for a subject matter. By the resulting base of indicators 
the status of the subject matter can be determined to deduce specific operational improvement measures. The method for the design of a 
customized maturity model is exemplary applied in the field of geometrical tolerancing. With the help of a principle approach for the 
ited and sub-
divided into their characteristics. Requirements on these characteristics are staged and assigned to four maturity levels. The result is an 
evaluation basis, which allows to assess the performance of tolerancing work and to deduce improvement measures. 
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1. Current Challengesa 
The interchangeability of product parts has been one 
of the main promoters for the industrial revolution and 
has led to the maximum of mass production in the 
provided to the consumer at that time [1]. Along with the 
products has been increased due to the increasing 
demands of customers for individualized products. 
anyway they have to be produced industrially due to 
economic reasons. A smooth product realization can 
only be ensured, if the interchangeability, 
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manufacturability and testability of the workpieces are 
given [2]. This requires a complete and unambiguous 
definition of the properties and specifications of the 
workpieces [3] with consideration of valid standards and 
guidelines for a collaborative development. According to 
the Rule-of-ten possible faults in specifying workpieces 
are especially to be analyzed and prevented in early 
phases of product realization (e.g. by use of Failure 
Mode and Effect Analysis  FMEA) due to the lower 
costs per fault elimination (Fig. 1). In late phases of 
product realization the elimination of detected faults 
causes significantly higher costs. A systematic and 
comprehensive approach for design and geometrical 
tolerancing of products can avoid failures and provide a 
cost-effective realization of products.  
© 2013 The Authors. Published by Elsevier B.V.
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Fig. 1. Correlation between fault prevention and fault detection  Rule-
of-ten [4] 
For the management of design and development 
processes in early phases coordinating activities to direct 
and control the development approach [5] based on 
numerical evaluations are to be established. However, in 
these early phases primarily qualitative indicators are 
available instead of quantitative data [6, 7]. In order to 
carry out a quantified assessment, maturity models can 
be used [8]. They provide specific indicators with staged 
requirements on them, which relate to a certain number 
of maturity levels. Maturity models focus on different 
subject matter like processes, products or systems. Due 
to the reference-based assessment, a comparability of the 
investigated objects is enabled and improvement 
possibilities are pointed out in the next higher maturity 
level as assessed. An aim-oriented development 
approach with cost-reduced changes is facilitated. 
2. Maturity models and state of the art 
A maturity represents the status of a considered 
object like process, product or system to a specific time 
and is to be assessed by comparison with relevant 
indicators and the staged requirements on them. A 
specific maturity level is achieved, if the requirements 
within this level are completely fulfilled. Accordingly, 
the maturity levels are gradually built on each other [9]. 
A maturity model summarizes these indicators and 
staged requirements. Thus, maturity models provide with 
the highest maturity level best-practices for a subject 
matter to be evaluated by comparison. With determining 
the status of the considered processes, products or 
systems specific improvement possibilities can be 
detected. In addition, maturity models enable the 
capturing of lessons learned by changing the currently 
documented requirements per maturity level. Typically, 
maturity models consist of four to six maturity levels.  
Currently existing maturity models have primarily a 
strategic and generic focus like SPICE (Software 
Process Improvement and Capability Determination) of 
the international standard ISO 15504 [10] or CMMI 
(Capability Maturity Model Integration) of the Software 
Engineering Institute [11]. Both are focusing on software 
development and guide developers in improving 
business processes. Furthermore, there exists a 
multiplicity of maturity models for different matters, 
where determining an operational status is not regarded 
[12]. They have a reduced relevance to the needs of a 
deviating subject matter. Thus, provided improvement 
measures based on the determined maturity have low 
adaptability to the specific concerns. Creating an ability 
to design customized maturity models would enhance 
the adequacy of derived improvement actions and their 
acceptance within organizations. The following chapters 
provide a methodic design for customized maturity 
models and its subsequent application for the field of 
geometrical tolerancing. 
3. Methodic Design for customized maturity models 
A customized maturity model creates the possibility 
for adequate self-assessments and shows up appropriate 
improvement possibilities. Thus, the status of the subject 
matter can be monitored and continuously improved. 
Approaches for the development of maturity models are 
discussed in different literature. Exemplary de Bruin 
[13] proposes generalized phases for developing a 
maturity model. Based on these works, Becker proposes 
in [14] a procedure model for the development of 
maturity models in IT management. Both procedures 
have in common that they do not provide methodic 
support in designing a customized maturity model. 
Nevertheless, a methodical approach in designing a 
maturity model would enhance its efficiency and 
usability. 
The proposed generic approach for designing 
customized maturity models in this paper has been 
generated and validated within the collaborative research 
work for the development of the novel sheet-bulk metal 
forming, wherein a maturity model has been created for 
new forming processes [15]. Initially a reference model 
of the subject matter is to be created, which can 
exemplary comprise the elementary activities of a 
general process for a specific aim (Fig. 2) [16]. Based on 
the reference model relevant maturity indicators are to 
be deduced and categorized, for example using the 
quality management technique of affinity diagrams. 
Afterwards the selected indicators have to be weighted 
comparatively with the help of a pairwise comparison. 
The defined indicators and their weightings as well as 
the hierarchically staged requirements on the indicators 
are captured by the Maturity Level Matrix. 
121 Albert Weckenmann and Gökhan Akkasoglu /  Procedia CIRP  10 ( 2013 )  119 – 124 
Reference Model
Maturity indicators
Maturity Level Matrix
wi Maturity Levels
Indi
...
Staged
requirements
Indicator weighting
Evaluation
Level 3
Level 2
Lev le 1
Lev le  4
0% - 15% 15% - 50% 50% - 85% 85% - 100%
Sustainable
Com-
prehensive
Ad hoc/
unstructured
Appropriate
Maturity M
Indi Indn
Indi ...
...
Indn
)t(Indw
w
M(t)
n
1i
iin
i
i
1
1
Fig. 2. Method for the design of customized maturity models
The requirements are assigned to four maturity levels
which in turn are related to certain percentage intervals. 
The highest maturity level up to 100% represents the 
best-practice for the specific indicator. The percentage
intervals are designed in accordance to [10], with level 1 
covering 0% to 15%, level 2 covering 15% to 50%, level
3 covering 50% to 85% and level 4 covering 85% to
100%. The maturity can be determined by comparing the
status of a subject matter with the fulfillment of 
requirements on the different indicators in percent and 
calculation of the weighted arithmetic mean. The result 
quantifies the status of the subject matter, which can be
classified within the intervals of the four maturity levels
-
n
4. Conceptual design of a maturity model for
geometrical tolerancing
The introduced method in the previous chapter has
been used to create a maturity model for geometrical 
tolerancing. The task of geometrical tolerancing is to
permit interchangeability due to clear definition of 
properties and specifications of a workpiece. A local and
temporal separated manufacturing becomes possible,
which can enhance the economic efficiency of the
production. Therefore, the geometrical tolerancing is
part of the basics of every construction work. According 
to [17] the fulfillment of intended product function is
influenced by uncertainties like incorrect or incomplete
application of geometrical tolerancing or by 
measurement uncertainty and the correlation uncertainty. 
Therefore, the assurance of product specifications by a 
characteristic maturity model in the early stages of 
product development can avoid cost-intensive changes in 
later development phases and increase the fulfillment of 
product functions as required by the customer.
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Fig. 3. Reference Model for Product Specification
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The design of the maturity model for geometrical 
tolerancing requires a reference model, which has to 
represent a general approach for product specification. 
An appropriate procedure is given in Figure 3. The 
product specification is initially based on the analysis 
and definition of requirements, whereby customer 
demands have to be translated into functional, 
manufacturable and testable product definitions. The 
product specification has to be performed in such way 
by the designer that the realized workpiece can fulfill its 
intended functions over the whole life cycle. The defined 
tolerances have to enable safe (process capable) and 
cost-effective manufacturing and assembly of the 
workpieces. Essential function and assembly properties 
must be testable or measurable easily and reliably by 
direct detection of the workpiece. Translating these 
requirements into a complete, unambiguous and clear 
drawing is the task of the designer. Adjacently the 
specifications are to be validated. This can happen by 
previous knowledge of the designer or by simulation 
(workflow no. 1, Fig. 3). The latter can be performed 
arithmetical or statistical. Another approach for 
validation of the designed product specification is 
represented by comparison to the manufactured and 
inspected real workpiece (workflow no. 2, Fig. 3). 
The approach for the step of specification in Figure 3 
is in accordance to [2, 18] detailed into three typical 
steps, wherein the designer has initially to define the 
requirements on the workpiece to be constructed 
(Fig. 4). This includes the determination of functional 
relevant elements, requirements on orientation, location 
and run-out as well as the determination of form and 
surface requirements. Afterwards boundary conditions 
like selecting the tolerancing principle for size (e.g. 
principle of independency [19] or the envelope 
requirement [20]), defining general tolerances as well as 
datums and datum features are to be performed. Finally 
the tolerances of orientation, location, run-out, form and 
surface are to be indicated. Each specifying value should 
be as large as possible while ensuring the function. The 
additional use of material condition modifiers (if 
applicable) can provide a cost-effective specification 
through tolerance extension without functional losses 
and can also simplify the inspection of the workpiece by 
using gauges [21]. 
Based on the reference model for product 
specification (Fig. 3) and the approach for geometrical 
tolerancing (Fig. 4) following relevant indicators for 
maturity assessment have been determined (clarifying 
questions are given in brackets): 
 Tolerancing requirements (Are the requirements 
defined with considerations of functionality, 
manufacturability and testability of the workpiece?) 
 Tolerance specification (Are the tolerancing zones 
specified with consideration of functional properties 
and variances in manufacturing and testing?) 
 Accordance with standards (Are valid standards and 
guidelines used for tolerancing?) 
 Illustration of the workpiece (Are the tolerancing 
specifications defined complete, unambiguous, 
clearly and as far as possible given in one view?) 
 Inspection of real workpiece (Is the measurement 
system defined and analyzed holistically?) 
 Validation of specification (Have the specifications 
been validated reproducible and application-
specific?) 
 Coordination of specification changes (Are 
organizational approaches established for 
sustainable managed changes of tolerancing 
specifications?) 
The weighting of each indicator wi has been 
determined by a pairwise comparison. Requirements on 
each indicator are staged and linked to one of the four 
maturity levels (Table 1). The assessment of the maturity 
to a specific time t can be performed by the designer. 
Therefore each indicator Indi(t) is to be valued between 
0% and 100% according to the existing status of the 
geometrical specified workpiece in relation to the 
designed maturity model. The evaluation of the total 
maturity M(t) is afterwards to be calculated by the 
weighted arithmetic mean 
)t(Indw
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Fig. 4. Detailed approach for geometrical tolerancing (in accordance to 
[2, 18]) 
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Table 1. Designed maturity model for geometrical tolerancing 
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n represents the number of evaluated indicators. The 
quantified status of an existing geometrical tolerancing 
can be assigned to one of the intervals of the four 
- i
potentials can be uncovered by analyzing the deviations 
of each indicator from the maximum possible value 
(100%). 
5. Conclusion and outlook 
Geometrical tolerancing provides in early 
development phases the design and specification of 
workpieces with consideration of requirements for 
functionality, manufacturability and testability. 
According to the Rule-of-ten, an insufficient definition 
of specifications can lead to cost-intensive changes later 
on. For preventive failure avoidance, a maturity model 
for geometrical tolerancing has been designed based on a 
given method. With the help of a reference model for 
geometrical tolerancing maturity relevant indicators 
have been derived and weighted by a pairwise 
comparison. Hierarchically staged requirements on the 
indicators have been defined and related to certain 
maturity levels. The assessment of the maturity is carried 
out by the designer and calculated by a weighted 
arithmetic mean. With the appliance of the maturity 
model for geometrical tolerancing and the assessment 
and improvement of the status, valid specifications can 
result. This reduces the risk for cost-intensive changes in 
later product development phases. For a continuous 
improvement, lessons learned can be integrated easily in 
the maturity model after its application by extending the 
base of indicators or the requirements defined for them. 
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